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We present a novel scenario in which light decoupled fermions with mass ∼ few eV, such as like
light sterile neutrinos, undergo a phase transition during the radiation dominated epoch driven by
a scalar-mediated force and become trapped in nuggets of degenerate matter that are stable over
cosmological timescales. These heavy dark nuggets behave like cold dark matter. The stability of the
dark matter nugget is achieved when the Fermi pressure balances the attractive scalar force (akin to
white dwarfs or neutron stars) and we numerically solve to identify the static configuration. We also
highlight that prior to nugget formation, the semi-relativistic sterile states can annihilate to scalar
radiation, thus increasing the Hubble expansion rate prior to the Cosmic Microwave Background
epoch and alleviating the Hubble tension. We also show that once the dark nugget forms, the
annihilation into scalar radiation becomes subdominant, and the nugget lifetime can be easily greater
than the age of the universe.
I. INTRODUCTION
The existence of dark matter, dark energy and the dis-
covery of neutrino mass have made the frontier of cosmol-
ogy and particle physics both fascinating and challenging
to explain. A sterile neutrino with mass m & 5 keV is a
viable warm dark matter candidate [1–7], but a lighter
fermion with m ∼ eV usually succumbs to the same dark-
matter misfortune as active neutrinos: it free-streams un-
til relatively late times in cosmic evolution and erases
structure on small scales. Only a small fraction of the
dark matter abundance can be in the form of neutrinos
or other light fermions and this puts a stringent upper
bound on neutrino mass [8–10]. On the other hand, re-
cent data from MiniBooNE experiment [11–13] might in-
dicate the existence of light sterile neutrino states (eV -
10 eV) and also it is possible that these light states might
have non-trivial interactions [14]. There have been at-
tempts to revive the neutrino or lighter sterile neutrino
as viable dark matter candidate with nontrivial cosmo-
logical histories or exotic interactions [15–17].
In this paper, we propose a scenario in which at some
point in the radiation dominated era (RDE) (but in be-
tween Big Bang Nucleosynthesis and CMB last scatter-
ing) a population of eV-mass decoupled fermions undergo
a phase transition and clump into small dark matter
nuggets due to the presence of a scalar mediated fifth
force. Once that happens, fermions inside the nugget no
longer free-stream and the nuggets as a whole behave like
cold dark matter. The mechanism is very simple. Due
to its interaction with a scalar φ, the fermion mass is
“chameleon” [18] in nature and depends on scalar vac-
uum expectation value. The dynamics of φ is controlled
by an effective potential, instead of just V (φ), [19, 20]
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and the scalar field adiabatically tracks the minima of an
effective potential Veff .
As the background fermion density dilutes due to the
expansion of the universe, the minimum of Veff is time-
dependent and so is the fermion mass. We consider
a scenario where the fermion mass is inversely propor-
tional to the scalar vev ( through the see-saw mechanism
[21–24]) and at a red-shift zF (before matter-radiation
equality) it becomes non-relativistic and the attractive
scalar force starts to dominate over the free-streaming.
In situations like this, it has been shown [25] that the
effective sound speed of perturbation of the combined
fluid (scalar and non-relativistic fermion) becomes imagi-
nary following a hydrodynamical instability which results
in nugget formation. The majority of fermions within
each scalar Compton volume collapse into a nugget until
the Fermi pressure intervenes and balances the attrac-
tive force. Here in this paper we show that the scalar
field obtains a static profile as this balance of force takes
place. From our numerical results we find that the scalar
field inside the nugget is displaced in such a way that the
fermion mass inside the nugget is much smaller than out-
side, ensuring the stability of the nuggets. The radius of
the nugget is also determined by the scalar profile which
in our case can be as small as ∼ 10−3 cm.
On a different note, we highlight that recent data from
short baseline experiments like MiniBoone seemingly fa-
vor a new light eV scale sterile neutrino, from the cosmol-
ogy side, recent analysis of the Planck data cannot ac-
commodate [26] a fully thermalised sterile neutrino state.
However, if we allow non-trivial interaction the story may
completely change [27]. But in our case, such extra dark
radiation transitions into the dark matter state before
CMB, thus is not subject to CMB bound on extra radi-
ation content. It is instructive to note that the goal of
this work is not to explain short baseline anomaly, but to
explore the possibility of reviving eV mass sterile states
as dark matter through formation of dense heavy nugget
and at the same time being consistent with Planck con-
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2straints from CMB measurements [28].
Formation of fermionic dense object in presence of a
scalar mediated force (eg. soliton star, fermionic Q-star)
has long been an interesting topic of research in different
astrophysical contexts [29, 30]. Formation of relativistic
star in chameleon theories has also drawn recent inter-
ests [31]. In the context of neutrino dark energy, forma-
tion of neutrino nugget at very late time (z ∼ few ) has
been studied in [25], while in Ref. [32–35], large (Mpc)
stable structures of neutrinos clump in the presence of
attractive quintessence scalar has been discussed. As the
quintessence field is extremely light and comparable to
Hubble expansion rate (m ∼ H), the range of the fifth
force is very large and a neutrino clump can be easily
of the order of Mpc size [35, 36]. In all of these stud-
ies, these Mpc size neutrino clumps form at very late
time in cosmic evolution (around z ∼ few) and thus con-
tribute only a tiny fraction to the dark matter relic den-
sity. Whereas we focus on a scalar field with much heav-
ier mass (mφ ∼ 10−3 eV) and the formation of nuggets
take place at much earlier redshift (zF >∼ 106). We show
that, as a result, these compact nuggets can in principle
comprise the entire cold dark matter relic abundance.
Dark nugget formation might have implication for the
recent Hubble anomaly where local distance ladder mea-
surements of H0 disagree with the Planck measured value
at ∼ 5σ [37–39]. One possible solution to this anomaly
involves decaying dark matter where dark matter parti-
cles decay into dark radiation [40–42] during the epoch
of CMB thus increasing the local Hubble expansion rate.
The main challenge of this scenario is that this decay
needs to stop or become sub-dominated soon after CMB
photon decoupling, otherwise a relatively late dark mat-
ter decay in matter dominated era would give rise to
time-dependent gravitation potentials and thus late In-
tegrated Sachs Wolf (ISW) effect, which would lead to
stringent constraints on the decay coupling [43], thereby
spoiling this approach to relaxing the Hubble tension.
In our scenario, we show that semi-relativistic (or non-
relativistic) sterile states can act as a production source
of scalar dark radiation at times closer to CMB, which
leads to an increase in the Hubble expansion rate [44].
As a result this accounts for the differences between the
late time and early time measurements of the Hubble
rate. The novelty of this scenario is that as soon as the
nugget forms, the production of scalar radiation becomes
sub-dominant due to the favorable binding energy of the
nuggets ( akin to the case of neutron decays within neu-
tron stars highly suppressed compared to outside).
The plan of the paper is as follows: In Section II, we
discuss how the dark nugget forms. In Section III, we
study the static configuration of scalar field around the
nugget when scalar force is balanced by Fermi pressure.
In Section IV, we study two examples numerically, solv-
ing for the scalar profile, calculating the mass and ra-
dius of the nugget, and identifying the dark matter relic
density. In the Section V, we consider dark radiation
production and discuss its connection to Hubble tension.
Finally we conclude in Section VI.
II. HOW IT WORKS
In the original mass varying neutrino model [20] the
Majorana mass term of a heavy chiral fermion in dark
sector was taken to be a linear function of a scalar field
φ. Here we consider a more general interaction involving
a function f(φ) with the following Lagrangian
L ⊃ mDψ1ψ2 + f(Φ)ψ2ψ2 + V (Φ) + H.c., (1)
where ψ1,2 are fermion fields, with ψ2 corresponding to
the heavier mass eigenstate. Both fermion fields are
written as two component left chiral spinors, mD is
the Dirac mass term and V (φ) is the scalar potential.
Note that if ψ2 is considerably heavier, we can inte-
grate it out from the low energy effective theory obtain-
ing mψ1 = m
2
D/f(φ), otherwise one can obtain the mass
eigenvalues by diagonalizing the fermion mass matrix.
We adopt a simple square potential V (φ) = m2φφ
2 and
assume a Yukawa-type interaction with f(φ) = λ˜φ, such
that the model looks like
L ⊃ mDψ1ψ2 + λ˜φψ2ψ2 + V (φ). (2)
However, prior to phase transition the dynamics of φ
is controlled by an effective potential given by [20]
V eff = ρψ1 +m
2
φφ
2. (3)
As the first term decreases due to Hubble expansion,
the minima of the potential moves to a lower value, thus
increasing the mass of the lightest fermion eigenstate.
At some point (in RDE), the fermion becomes non-
relativistic and the fifth force takes over the free-
streaming, the sound speed of perturbation becomes
imaginary c2s ≤ 0 followed by catastrophic hydrodynamic
instability. In fact, it has been shown in [25] that free-
streaming of light fermions cannot stabilize the instabil-
ity and as an obvious consequence fermions get trapped
into compact nuggets.
Before the phase transition, the scalar adiabatically
traces the minimum of the effective potential, however
once the nuggets form, the effective potential switches
off and φ rolls following V (Φ) = m2φφ
2 towards its true
minimum (φ → 0). Thus the fermion mass outside the
nugget is determined by the scalar vev at the true minima
(moutψ1 =
m2D
f(0) ) while the fermion mass inside depends on
the static profile of φ.
One of the main constraints on this model comes from
reproducing the value of the observed dark matter den-
sity. Prior to the phase transition, the light fermion state
was non-relativistic and thus its energy density is the
product of its mass to the number density. If the mass
of the scalar field is mφ at the epoch of transition, we
3would naively expect one nugget in each Compton vol-
ume ∼ (m−1φ )3 and thus the energy density of dark mat-
ter at the formation redshift zF is simply given by
ρDMF =
Mnug
4
3pi(m
−1
φ )
3
. (4)
Evolving this to today implies ρ0DM = ρDM,F(1+zF )
−3
where Mnug is the nugget mass which we will find later.
III. SOLVING FOR THE STATIC PROFILE OF
THE DARK MATTER NUGGET
In this section we first discuss the qualitative features
of the nugget formation, and then numerically solve the
bubble profile for the static configuration. A detailed
analysis of the nugget collapse process involves non-linear
dynamics which is not the focus of our paper (see [45] for
a discussion). We assume that for a critical over density
δ, the sound speed of perturbation becomes negative and
the fifth force prevents the radius growing. Turn around
happens at R ∼ m−1φ and the sphere starts collapsing un-
til Fermi pressure intervenes and balances the attractive
scalar force.
One can in principal solve the static configuration of
nugget by solving GR and Klein-Gordon equation. Tak-
ing the metric to have the form
ds2 = −A(r)dt2 +B(r)dx2 + r2dΩ2 (5)
the gravitational mass of the system can be found from
asymptotic form of A(r) for r →∞ and is given by [32]
M(r) =
∫
4pir2dr
[
1
2
(
dφ
dr
)2
+ V (φ(r)) + ρψ1(r)
]
(6)
The first term is the gradient energy and the other terms
correspond to the φ dependent fermion mass and the
scalar potential V (φ).
For our case, the size of the nuggets is very tiny and the
scalar force is much stronger than gravity, thus we can
safely ignoring gravity and will work with the Minkowski
metric.
A general feature of the scalar field static configuration
is that the scalar vev changes as a function of distance
from the center of the nugget and takes an asymptotic
value far away from it. The fermion number density,
Fermi pressure are all functions of position through φ(r).
As the fermion mass also varies radially, we adopt the
Thomas-Fermi approximation as done in [32] to find the
static configuration. In the Thomas-Fermi approxima-
tion, one assumes, at each point in space there exists a
Fermi sea with local Fermi momentum pF (r). With an
appropriate scalar potential, it has been shown [29, 30]
that a degenerate fermionic gas can be trapped in com-
pact objects (even in absence of gravity) which has been
called as soliton star or fermion Q-star. These analyses
were done with the zero temperature approximation and
in this case, fermions can be modeled as ordinary nu-
clei. To get an estimate of the nugget radius, we will also
work with zero temperature approximation. Soon, we
will see that our numerical solution has similarities with
these previous works where fermions are extremely light
inside the nugget and become increasingly more massive
as one moves toward the nugget wall. This ensures posi-
tive binding energy and thus the stability of the nuggets.
A. Static Solution
Static solutions of this type are mainly governed by
two equations. We refer to [29, 32, 46] for detailed deriva-
tion of these equation. Briefly, the first one is the Klein-
Gordon equation for φ(r) under the potential V (φ) = λφ4
where the fermions act as a source term for φ(r). The
other equation tells us how the attractive fifth force is
balanced by local Fermi pressure.
As we will be working in the weak field limit of general
relativity, the Klein-Gordon equation can be expressed
as
φ′′ +
2
r
φ′ =
dV (φ)
dφ
− d ln[m(φ)]
dφ
Tµµ . (7)
Furthermore the equation for the pressure is
dp
dφ
=
d[ln(m(φ))]
dφ
(3p− ρ). (8)
Then (7) can be rewritten in the simpler following form
valid in side the bubble [32],
φ′′ +
2
r
φ′ = −d(p− V (φ))
dφ
. (9)
Outside, there is no pressure, thus this simplifies fur-
ther
φ′′ +
2
r
φ′ =
dV (φ)
dφ
. (10)
Now with the Thomas Fermi approximation the distri-
bution function is given by [32],
f(p) =
(
1 + e
√
p2(φ)+m2(φ)−µ(r)
T (r)
)−1
(11)
With the zero temperature assumption, the distribu-
tion function becomes a step function and pressure, en-
ergy density and number density take the form:
p(r) =
1
4pi3
∫ pF (r)
d3p
p2
3
√
p2 +m(φ)2
, (12)
ρ(r) =
1
4pi3
∫ pF (r)
d3p
√
p2 +m(φ)2, (13)
410
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FIG. 1: Numerical solution for Static configuration of the
scalar field coupled to light singlet fermion. We see that in-
side the nugget the scalar vev is higher and outside it merges
asymptotically to its cosmological value.
n =
1
4pi3
∫ pF (r)
d3p× 1 = p
3
F
3pi2
. (14)
Thus there are two unknown quantities, namely φ(r)
and pF (r), whose values are determined by solving the
two coupled equations (8) and (9). Evaluating the inte-
grations in eq. (12)-(14), we find an explicit form for the
trace of energy-momentum tensor Tµµ = (ρ− 3p) is
Tµµ =
m2
2pi2
(
pF
√
p2F +m
2 −m2 ln
(
pF +
√
p2F +m
2
m
))
.
(15)
Furthermore the pressure is found to be of the form
p =
m2
8pi2
[
2p3F
3m2
√
p2F +m
2 −
(
pF F −m2 ln
(
pF + F
m
))]
,
(16)
where 2F = p
2
F +m
2.
B. Initial conditions and model parameters
Using (16) and (15) in (8), we obtain an equation
for the local Fermi momentum pF (r) which needs to
be solved with proper boundary condition. This initial
condition p0F is chosen appropriately to match the total
number of fermions initially within a Compton volume
of the scalar before the onset of instability. First, we
solve for pF (r) and using that we numerically solve the
Klein-Gordon equation (5) to obtain the φ(r) profile.
The Klein-Gordon equation closely resemblances the
dynamics of a particle moving under a Newtonian po-
tential p − V when “r” is replaced by time “t” and “φ”
is replaced by the position of the particle. The static
solution corresponds to a final particle position which is
asymptotically at rest. This is only possible for a par-
ticular set of initial condition φ(0) ≡ φ0 and φ′0 For the
solution to be well behaved at the center of the nugget φ
should not have a term like r−n which demands φ′0 = 0.
The other initial condition is obtained by numerical it-
eration i.e. by identifying a particular φ0 for which the
numerical solution gives φ(∞) = φcosmo, where φcosmo is
the cosmological value outside the nugget. For our case,
φcosmo = 0 which is the minima of λφ
4 potential. Once
we find pF (r) and φ(r), it is straight forward to obtain
the fermion mass m(r) and fermion number density n(r)
as a function of distance from the center of the nugget.
The radius of the nugget is determined when the number
density drops to zero.
Next we numerically find the static profile for the
scalar field. We consider fermions of mass mψ1 which are
trapped in nuggets and numerically calculate an example
static profile for mψ1 = m
2
D/
(
λ˜φstatic
)
= 1.6× 10−5 eV.
The Fermi momentum pF (r) is fixed by identifying a
value for which φ(∞) ∼ φcosmo = 0, one solution is:
pF (0)
∣∣∣
φ0
= 6.2× 10−4 GeV. (17)
The inferred pF is then used on the energy-momentum
tensor Tµµ to solve (7). We take mφ = 1.3 × 10−6 GeV
with the external potential V (φ) = m2φφ
2 and the result-
ing static profile of the scalar field φ (as shown in Fig.1),
is obtained from the boundary condition
φ[4.2× 10−7 cm] = 9× 103 eV (18)
and we evaluate the profile for 4.2 × 10−7 cm < r <
8.9× 10−4 cm.
The mass density profile of the trapped fermions is
then generated using (13) and is shown in Fig. 2. The
mass variation of trapped fermion inside the nugget is
depicted as in Fig. 3. The total nugget mass is found to
be Mnug ' 9.8× 1028 GeV, which with the chosen scalar
field mass, corresponds to a dark matter relic density at
the nugget formation of order ρDMF = 2.4 × 1011 GeV4.
This, in turn, fixed the nugget formation epoch (for this
numerical example) to be zF ∼ 107. Importantly, note
that by varying the model parameters (the coupling λ˜
and the potential V (φ)) one can obtain different forma-
tion epochs as well as different range of nugget mass.
IV. DARK MATTER ANNIHILATION INTO
RADIATION AND THE HUBBLE TENSION
As stated before in the introduction, as a possible so-
lution to the present Hubble measurement anomaly be-
tween CMB and local distance ladder experiments, the
decaying dark matter (DDM) scenario has been intro-
duced [42]. In our case, the mass varying fermion (ψ1)
can easily annihilate into scalar dark radiation both be-
fore and after the formation of the nugget. Thus in prin-
ciple, this annihilation can solve the Hubble anomaly by
510
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FIG. 2: Variation of energy density of the trapped fermions
inside the nugget as a function of distance from nugget center.
The total mass of a single nugget is MNug ∼ 1031GeV for our
selected parameter values.
boosting the dark radiation content which in turn in-
creases the expansion rate during the epoch of matter
radiation equality and CMB. But there are two stringent
constraints for these two work: a) The annihilation has
to stop soon after CMB due to constraints from late Inte-
grated SachsWolfe (ISW) effects. b) A fully thermalised
fermions (prior to nugget formation) annihilating into
scalar radiation will be ruled out by Planck data as it
only allows a fractional excess in dark radiation beyond
three generations of neutrinos. But as stated before, a
tiny fractional radiation excess of the dark fermions is
enough to even create entire dark matter from nuggets.
And also, DDM solution to Hubble anomaly does not
require an entire thermalised species - a tiny fractional
excess of scalar dark radiation produced from ψ1 anni-
hilation may indeed solve the Hubble puzzle[42]. How
exactly this scenario can solve Hubble anomaly, is be-
yond the scope of the paper and will be reported in fu-
ture work. But qualitatively, the first constraint arising
from the decay of dark matter gravitational potential af-
ter CMB (ISW effect), can also be addressed naturally
in our scenario. For that, we derive the annihilation rate
for two epochs (prior and after nugget formation) and
show that annihilation is subdominant inside the nugget
once they are formed. Prior to the formation of nugget,
the annihilation rate of the ψ1 into φ can be determined
[? ] as a function of the equilibrium number density neq
and the thermal averaged cross-section 〈σv〉. Here we
assume that the coupling κ between fermion and scalar
is strong enough (κ > 10−5) to keep ψ1 − φ system in
thermal equilibrium. This condition on κ has been dis-
cussed in detail in the work [? ]). In the above work, it
was shown that the energy transfer from DM to dark ra-
diation is more effective in non-relativistic limits. This is
exactly our condition for nugget formation also. So just
prior to nugget formation, when the fermion becomes
non-relativistic, there will be a considerable production
of dark radiation φ which stops being produced as soon
as nugget forms. The details MCMC analysis of this sce-
nario in the context of Hubble anomaly is beyond the
scope of this paper. In this section, we only qualitatively
discuss that this scenario can evade stringent constraints
from cosmology yet may solve the Hubble anomaly. Now
we will estimate the production of φ radiation for the two
scenarios –before and after the nugget formation.
A. Production of φ before nugget formation
The numerical solution for the static configuration and
thus the dark matter properties mainly depends on the
function f(φ), which for our case is just λ˜φ. The coupling
between φ and ψ is between light fermion and φ is defined
through the following interaction term and expanding the
mass term around minima of the effective potential
κδφψ¯1ψ1 ∼ dmψ1
dφ
|
φmin
δφψ¯1ψ1, (19)
where δφ is a perturbation in the φ field. So the coupling
is given by the coefficient of the above Yukawa term
κ =
∣∣∣∣ (dmψ1dφ
)
min
∣∣∣∣ = m2Dλ˜φ2min . (20)
The annihilation rate of the ψ1 particles can be deter-
mined as function of the equilibrium number density neq
and the velocity averaged cross-section, 〈σv〉.
Γ = neq〈σv〉, (21)
where the equilibrium number density is given as
neq = gψ
(
mψ1T
2pi
)3/2
e−
mψ1
T . (22)
The relevant annihilation cross-section σ is given by
[47, 48]
σ =
κ4
32pi
1
s
[
1
β2
ln
(
1 + β
1− β
)
− 2
β
]
, (23)
and the velocity is related to the temperature as β2 =
3T
mψ1
. The thermally-averaged cross-section can be ex-
panded around β = 0 to obtain
〈σv〉 = κ
4
128pim2ψ
[
2β2
3
− 4β
4
15
+O(5)
]
. (24)
Keeping only the first term in the non-relativistic limit
thus we have the annihilation rate
Γ =
gψ1
64pi
m8D
λ˜4φ4min
T
m3ψ1
(
mψ1T
2pi
)3/2
e−
mψ1
T . (25)
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FIG. 3: Variation of trapped fermion mass inside the nugget.
This is obtained from the static profile of scalar field inside
the nugget.
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FIG. 4: Dark matter to φ field production inside the nugget.
For the non-relativistic case (which is indeed the condi-
tion for instability followed by nugget formation as dis-
cussed before), one can see from the above result that
there will be an exponential drop in number density of
sterile fermion due to its annihilation into scalar radia-
tion till the nugget formation starts. Now the important
questions are: how efficiently sterile fermions which are
trapped inside the nugget can produce φ radiation. We
will now show that inside the nugget, the annihilation
into φ is subdominant which not only make dark matter
stable over cosmological time scale but also evades the
ISW constraints from late time dark matter disappear-
ance [43, 49, 50].
B. Production suppression of φ inside a nugget
Here we show that the nuggets are stable enough to
be dark matter by calculating the annihilation rate of ψ1
into φ inside the nugget. As the scalar is much lighter
(10−5 eV) than fermion, we are interested in the annihi-
lation process: ψ1 + ψ1 → φ+ φ.
From our numerical results, it is clear that fermion
mass mψ1 is extremely lighter closer to the center of
the nugget and becomes heavier at the wall. For the
same reason, integrating out heavy field is a valid ap-
proximation inside the nugget ( numerically verified) and
the fermion mass term is given by
(
m2D/f(φ)
)
ψ1ψ¯1. In-
side the nugget, the coupling constant κ , between light
fermion and φ is defined through the following interaction
term
κinδφψ¯1ψ1 ∼ dmψ1
dφ
|
φstatic
δφψ¯1ψ1, (26)
where δ is a perturbation in the φ field.
We find that κin, the value of the coupling inside the
nugget, is very tiny κin ∼ 10−14. The nugget lifetime can
be estimated for a given κ. In terms of the number den-
sity of the fermion inside the nugget n, the annihilation
rate is given by
dn
dt
∼ n
2κ4
32piE2CM
(27)
where ECM ∼
√
p2F +m
2
ψ1
is the center of mass energy.
Integrating, we can estimate the half life of the nugget
∆t1/2 ∼ n0
V Γ0
∼ 1
n0
κ4in
32piE2CM
, (28)
where V is the volume of the nugget and n0 is the central
number density at r = 0. Taking the specific example of
a dark matter nugget studied in the previous example,
and substituting the values from this numerical solution,
we find half life of the nugget is roughly ∆t1/2 ∼ 1044 s.
This is way greater than the age of the universe ∼ 1017
s).
V. CONCLUSION
Data from MiniBooNE experiment might indicate the
existence of light sterile neutrino states of mass (sub-eV
to 10 eV). Though this lighter sterile neutrino has rele-
vant properties, in general, light eV-mass sterile fermions
are not viable cold dark matter (CDM) candidate due to
its excessive free-streaming. In this paper, we discuss a
possibility of whether these relatively light fermions can
be trapped in a stable nugget through scalar interaction
and the nuggets as a whole behave as cold dark matter.
The static configuration of the nugget is obtained when
the Fermi pressure of degenerate fermions balances the
attractive scalar force. We take a toy model with some
reasonable choice of parameters and using Thomas-Fermi
approximation, we numerically solve the static configu-
ration of the bubble. The nugget mass and radius and its
lifetime are also calculated from the numerical solution.
The experimental signature of this type of dark matter
could be found in future matter power spectra measure-
ments [51], especially if the nugget formation takes place
at red-shift (z ' 105) which is the present lower limit
of such transition from Lyman-alpha and CMB data ac-
cording to [51]
7Also, as our phase transition takes place around T ' eV
scale, we qualitatively discussed how such scenario may
have deep implications to Hubble anomaly. As it was
mentioned in [52], the neutrino sector can bring non-
trivial modification to ΛCDM cosmology at an epoch
prior to CMB when the temperature of the Universe is
around T ' eV and this modification can play crucial role
solving Hubble anomaly. We qualitatively discussed that
in our scenario, prior to nugget formation, sterile states
becomes non-relativistic/ semi-relativistic and thus ef-
fectively produces scalar dark radiation which increases
the local Hubble rate which is one of the ways [50] to
solve Hubble anomaly. The detailed analysis of Hubble
anomaly in our scenario will be reported in future work.
Few more interesting avenues in this direction of work
are – one can ask if in this mass varying scenario inside
the nugget, in what conditions the fermi pressure fails
to balance scalar force and black holes are formed sim-
ilar to [53] for the case of eV fermions but only with
gravitational force. Also, we have assumed that the en-
tire dark fermions are trapped inside the nugget as sug-
gested in [25], but as the number density of nuggets is
very high, there will be nugget-nugget hard collision and
whether that can destabilize the nugget and form BH is
another interesting questions. Also we have tentatively
checked that our scenario is not constrained from MA-
CHO searches as nuggets are very tiny. It will be inter-
esting to explore what ranges of parameters are affected
by MACHO searches. All these are beyond the scope of
this paper and have been kept for future research.
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